The effect of boronizing on the mechanical properties, wear, and corrosion of boronized N80 tube steel is studied. A dual-phase boride layer consisting of the FeB and F 2 B phases is formed on the surface of steel substrate within the hardness range 1220-1340 HV. A special setup was designed to use smaller amounts of the boriding agent and accelerate the process of cooling of the pipe. In order to meet the tensile properties of N80 steel required by the API SPEC 5L, four cooling methods were employed. The procedure of fan cooling with a graphite bar inside the boriding agent resulted in the highest mechanical properties in accordance with the mechanical properties of the API SPEC 5L. The boronized N80 steel reveal a high wear resistance under the conditions of dry sliding and excellent corrosion resistance in the as-received oil-field water from the Jilin oil field, Northeast China.
Boronizing is a thermochemical surface treatment by thermodiffusion followed by the chemical reaction into the surface. Its use strongly increases the surface hardness (about 1200-2000 HV), wear resistance, and anticorrosion properties of the boride layers [1] . Boronizing of carbon steels usually leads to the formation of two different iron-boride phases: FeB on the surface and F 2 B between the matrix and FeB [2] . Industrial boronizing can be carried out for most ferrous materials, such as structural steels, cast steel, Armco iron, gray iron, and ductile iron [3] [4] [5] . Boronized steels consistently and significantly outperform the nitrided and carburized steels because iron boride formed in these steels exhibits a substantially higher hardness as compared with carburized or nitrided steels (650-900 HV). In particular, boronized steels exhibit excellent resistance to a variety of tribological wear mechanisms. In addition, the resistance of boronized steels to the attack of nonoxidizing dilute acids, alkalis, and melted metals is also outstanding.
N80 steel is a relatively inexpensive material widely used as material of the tubes for oil fields. However, it displays unsatisfactory performance under severe conditions of high corrosion and heavy wear, especially in acid environments containing CO 2 and H 2 S according to the investigations on the degradation of tubing metals in hydrogen-sulfide environments [6, 7] . Boronizing is expected to efficiently improve the corrosion and wear resistance of N80 tube steel. However, to ensure that the procedure of boronizing of N80 tube steel is practical for the oil industry, two problems associated with this procedure must be addressed. First, the minimum usage of the boriding agent should be realized. Second, an appropriate cooling manner must be chosen to ensure that the tube will meet the mechanical properties demanded by the API SPEC 5L.
We designed a special boronizing setup to use less pack powder and chose one of the different cooling methods qualified for the mechanical properties required by the API SPEC 5L. The effects of boronizing on the wear and corrosion properties are also presented. The results can provide a useful reference for extending the application of this procedure in the oil industry.
Experimental Procedure
The process of boronizing was carried out at 1133°K for 5 h with a powder mixture formed by B4C (5 wt.%), KBF4 (5 wt.%), a reducing agent (10 wt.%) and SiC (balance) in an electric-resistance furnace. Four pieces of pipe 160 mm in length were cut out from an N80-steel oil pipe with an outer diameter of 73.02 mm and a thickness of the wall equal to 5.51 mm. The chemical composition of N80 steel is: 0.36 wt.% C, 0.32 Si, 1.55 Mn, 0.020 P, 0.010 S, 0.040 Cr, 0.050 Cu, 1.20 V, and 0.040 wt.% Ni. Different cooling procedures or interior design were used to obtain different cooling rates. A graphite bar with a diameter of 33 mm placed at the center of the boriding agent was used to reduce the consumption of the boriding agent and increase the cooling rate. Four different cooling methods were used including annealing, normalizing, fan cooling, and fan cooling with a graphite bar at the center of the boriding agent.
Tensile tests were carried out by using specimens with reduced cross sections 19.8 × 5.5 mm in size and a gauge length of 50.8 mm, which were machined from nonboronized and boronized pipes, respectively.
Wear testing was conducted in a pin-on-disk type machine under the conditions of dry sliding at a room temperature of 298°K. Specimens with a diameter of 5 mm and a length of 12 mm were machined from the pipe wall and then boronized for wear tests. To further evaluate the corrosion resistance and possible passivation behavior of the samples, electrochemical measurements were performed for the as-received oil-field water in an Electrochemical Analyzer. Linear sweep voltammetry experiments were carried out in the oil-field water by using a classic three-electrode cell with a platinum plate (Pt) as a counter electrode and an Ag/AgCl electrode as a reference electrode for a sweep rate of 50 mV min −1 at room temperature.
Experimental Results and Discussion
The optical microscopy cross-sectional examinations of boronized inner surfaces of N80 steel pipes cooled by different cooling methods revealed the formation of a dual-phase boride layer whose thickness varied from 50 ± 5 μm to 70 ± 5 μm in a sequence of cooling velocities from the fastest to the slowest velocities, namely, fan cooling with a graphite bar in the center of the boriding agent, fan cooling, normalizing (air cooling), and annealing (furnace cooling). Figure 1 shows that the dual-phase boride layer with a thickness of about 64-72 μm was formed on the substrate of the annealed N80 steel pipe. The outmost zone was the FeB phase with a thickness of 4-8 μm, next to which there was a rather thick F 2 B -phase zone of about 64 μm in thickness with sawtooth morphology followed by the steel substrate. Thus, the removal of the F 2 B sawtooth-shaped boride layer becomes very difficult due to the mechanical effects [4] .
The microhardness profile measured in the same cross section shows that the hardness of the boride layer is about 1220-1340 HV, i.e., much higher than the hardness of the steel substrate (160 HV). Since the FeB layer is very thin, this hardness is typical of the F 2 B layer. The F 2 B layer is especially desirable for industrial applications due to the difference between the specific volumes and the coefficients of thermal expansion of the boride phase and the substrate.
The minimum values of the mechanical properties of N80 tube required by the API SPEC 5L are as follows:
(i) the yield strength (YS) must be higher than 552 MPa;
(ii) the ultimate tensile strength (UTS) must be higher than 689 MPa;
(iii) the elongation (EL) must be higher than 14%.
To meet these mechanical properties, four cooling methods were used to obtain different cooling rates in a sequence from the slowest to the fastest rate, namely, annealing, normalizing, fan-cooling, and fan-cooling with a graphite bar placed at the center of the boriding agent. Two points can be drawn from the tensile properties of boronized and nonboronized N80 steels, as shown in Table 1 : First, the boride layer, to a certain extent, deteriorates the tensile properties of the N80-steel pipes because the tensile characteristics of boronized pipes are lower than the original characteristics (except elongation). Second, the cooling rate may considerably affect the mechanical properties of the material, especially its YS and UTS. The deterioration of tensile properties is caused by the premature fracture of the boride layer, since the common phenomenon is observed for all boronized samples during tensile testing under stresses of about 479 MPa, whereas the boride layer cracks due to its fragile nature and, consequently, a sawlike plateau is formed in the curve. The SEM examinations of the cracks on the specimen surfaces reveal the cracks penetrating through the boride layer, which may cause stress concentration and, hence, tensile properties are deteriorated. However, the negative influence of cracks in the boride layer is limited because no evidence of brittle fracture like cleavage planes is observed near the boride layer. In fact, we observe the ductile fracture of dimples. It is worth noting that there is no significant difference between the fracture modes for N80-steel pipes cooled in different ways: All specimens failed in the ductile manner with numerous dimples over the fracture surface. As the cooling rate increases, the tensile strengths, including the yield strength and the ultimate strength, are remarkably improved. Since the boride layers obtained under four given cooling conditions exhibit insignificant difference in hardness and thickness and are very thin as compared with the wall thickness of the steel substrate, the tensile properties of boronized N80-steel pipes depend, to a great extent, on the properties of steel substrates obtained by using different cooling methods. The comparison of the microstructures of steel substrates obtained for two different cooling conditions is given in Fig. 2 . It can be seen that the microstructures of steel substrates equally consist of light ferrite and dark pearlite, and it is well known that the latter has much higher strength than the former. However, the differences between the volume fractions for both ferrite and pearlite are significant. According to the microstructure constituent law of the mixture theory, the yield strength (σ y ) of a mixture of ferrite and pearlite can be expressed in terms of the volume fractions of ferrite (V f ) and pearlite (V p ) and the yield strengths of ferrite (σ f ) and pearlite (σ p ) as follows: As the cooling rate increases from annealing to fan-cooling with graphite bar inside, the amount of pearlite consecutively increases from 45.5 vol.% to 66.1 vol.%, whereas the volume of ferrite accordingly decreases, thus leading to an increase in the YS and UTS. As for the YS, three kinds of pipes exceeded 552 MPa of the API SPEC 5L (except the annealing mode), whereas only the fan-cooled tube surpassed 689 MPa of the UTS required by the API SPEC 5L. All four kinds of tubes exhibited good elongation (higher than 20%). Therefore, the procedure of fan-cooling with graphite bar is the best choice suitable for boronizing N80-steel tubes.
The premature cracking of the boride layer may cause the loss of protection against wear and corrosion but this does not mean that the boronized tubes have great limitations in the practical applications for stress levels of 479 MPa. Moreover, they can bear a total weight of 43.2 tons of oil pipes that can reach a depth of 4000 m, which is sufficient for conventional oil wells.
The plots of the friction coefficient and wear rate as functions of the applied load are shown in Fig. 3 . The friction coefficient for both materials decreases as the applied load increases and the boronized steel exhibits lower values than the nonboronized steel. The friction coefficient ranges from 0.45 to 0.63 for the boronized N80 steel and from 0.49 to 0.70 for the nonboronized steel. It is evident that the friction coefficient systematically depends on the surface hardness. However, as the load increases to 150 N, the sharp increase in the friction coefficient for boronized N80 steel is explained by the localized spalling of the boride layer on the worn surface. The boronized samples exhibit effective wear resistance as compared with the untreated samples. The wear rate of nonboronized steel dramatically rises as the applied load exceeds 100 N due to the surface softening caused by substantial friction heat, whereas the boronized steel may preserve a slow and steady process of wear under given conditions due to presence of boride layer. It is observed that, after sliding for a distance of 754.56 m under a load lower than 150 N, the boride layer remains intact except a few grooves on the worn surface. Thus, the mechanism of abrasive wear is effective. The previous studies performed by Hungar and Trute showed that the boronized steels are extremely resistant to abrasion and adhesion in view of their great hardness [8] . The boride layers are also characterized by low welding tendency. This property is of great significance for adhesive wear and explains why boronized samples show higher wear resistance.
The corrosion resistance of the boride layer was investigated by immersion tests and polarization curves. In Fig. 4a , we present the curves of weight losses for both boronized and nonboronized specimens immersed in the oil-field water. As already indicated, the curves of weight losses as functions of the immersion time for boronized steel (slightly) linearly increase with a very low slope as the immersion time increases, thus indicating the effective anticorrosion properties of the boride layer in the studied corrosive solution. In Fig. 4b , we present the electrochemical polarization curves for plain and boronized N80 steels treated in the as-received oil-field solution at room temperature. The corrosion potentials and corrosion currents for these materials are obtained from the intersection of the cathodic and anodic Tafel plots and given in Table 2 . There is no much difference between the corrosion potentials for both nonboronized and boronized steels held in the oilfield water. However, the boride layer may significantly decrease the corrosion current. The corrosion current density of the boronized sample is 1.62 μA/cm 2 in the oil-field water and constitutes only 2.98% of the corresponding quantity for the untreated N80 steel in the same corrosion solution. Since the corrosion current density is connected with the corrosion rate of materials, the higher corrosion current density indicates a more severe corrosion. Therefore, the polarization curves imply that the corrosion resistance of the boride layer is superior to the resistance of the nonboronized steel, which is in good agreement with the data of immersion tests.
CONCLUSIONS
Duplex boride layers with a total thickness varying from 50 ± 5 μm to 70 ± 5 μm were obtained on the N80-steel substrate at 860°C for 5 h by pack boriding. These layers consist of a thin outer layer of the FeB phase and a fairly thick layer of the F 2 B phase with sawtooth morphology and the hardness range 1220-1340 HV.
The inner structure design of the boronizing setup and different cooling methods may significantly affect both the microstructure and mechanical properties of boronized N80-steel pipes. The finest microstructure formed by the ferrite and pearlite was obtained by the procedure of fan-cooling with a graphite bar at the center of the boriding agent, and its mechanical properties are in accordance with the API SPEC 5L.
The boride layer provides excellent wear resistance within the load range 50-130 N for a sliding speed of 0.785 msec -1 and improves the corrosion resistance of N80 steel in the as-received oil-field water from the Jilin oil field, Northeast China.
